ABSTRACT: The back-barrier wetlands of Cannon Beach, Oregon, record up to six target paleotsunami events in the last three thousand years. The four youngest recorded inundation events are tied to central Cascadia Margin paleotsunami at 1700 AD (event #1), possible farfield paleotsuanmi at 0.8-0.9 ka (event #2), nearfield Cascadia earthquake subsidence at , 1.1 ka (event #3), and nearfield Cascadia earthquake subsidence at , 1.3 ka (event #4). Stratigraphically-correlated deposits from events #1-4 demonstrate strong-flow inundation distances from between 500 m (event #1) and 1,500 m (event #4) from the present beachfront. Based on the spatial distribution and thickness of tsunami sand deposits in the back-barrier wetlands the event #1 paleotsunami did not substantially overtop a stable barrier ridge at 6 m elevation NGVD88 or MLLW at Cannon Beach. The three previous paleotsunami events #2-4 did overtop the barrier, and they deposited sand (1-40 cm thickness) in the back-barrier wetlands. Only paleotsunami event #4 deposited sand across the Ecola Creek upland flood plain, at an inundation distance of at least 1,500 m. Shore-parallel GPR profiles image thin cut-and-fill sequences (1-2 m vertical relief) in the overtopped barrier ridge. A shore-normal GPR profile establishes scour in the wetlands (at least 1.5 m thick cut) at the landward edge of the barrier ridge. The most recent scour is tied to event #2, though earlier paleotsunami overtopping flows might have also caused scour in the back-barrier wetlands. Assuming a 1.0 m water column height and a 1.0 m lower sea level at 1 ka, the three overtopping paleotsunami are estimated to have had minimum runup heights of 8 m relative to mean lower low water.
INTRODUCTION
The disastrous tsunami runups resulting from the Sumatra-Andaman rupture on December 26, 2004 (Synolakis and Kong 2006) have increased public concern worldwide over these infrequent, but potentially catastrophic, hazards. Geologic records of paleotsunami inundation provide some measures of the relative flooding hazard in susceptible continental margins. Paleotsunami deposit studies in the Cascadia margin ( Fig. 1 ) initially established inundation in tidal-basin marshes (Atwater 1987; Peterson and Darienzo 1997; Clague and Bobrowsky 1994; Priest et al. 1997) . Recent work has targeted overland distances of paleotsunami inundation in back-barrier beach plains and barrage ponds of the Cascadia margin (Hutchinson et al. 1997; Abramson 1998; Fiedorowicz and Peterson 2002; Kelsey et al. 2005) . In back-barrier settings of the central Cascadia margin the paleotsunami sand sheets establish highvelocity inundation (500-1,500 m distance) landward from the beach (Schlichting and Peterson 2006) .
In this paper we address geologic records of paleotsunami that overtopped a small barrier sand ridge at Cannon Beach, Oregon (Fig. 2) . Preserved sand sheets located immediately landward of the barrier ridge establish minimum, sustained flow height over the sand barrier. Core logs in the back-barrier wetlands demonstrate the presence or absence of overtopping for the last several nearfield paleotsunami at Cannon Beach. Ground-penetrating-radar profiles document erosion of the sand ridge and back-barrier marsh where overtopping paleotsunami surged landward. The overtopping results obtained from Cannon Beach are used to test assumptions that paleotsunami runup height is proportional to reported rupture frequency and magnitude. Reconsideration of these assumptions could influence tsunami hazard modeling in the Cascadia Margin and in other tsunami-hazard margins.
BACKGROUND

Tsunami Records in the Central Cascadia Margin
The record of paleotsunami recurrence in the central Cascadia Margin is well constrained for approximately the last 2,500 years. Five of the last six paleotsunami are associated with nearfield events at 0.3, , 1.1, , 1.3, , 1.7, and , 2.6 ka, as based on correlated subsidence of local tidal basins (Darienzo et al. 1994; Atwater et al. 2004; Schlichting 2000) ( Table 1) . One paleotsunami dated at 0.8-0.9 ka is thought to represent either a farfield tsunami (Clague and Brobrowsky 1994; Clague et al. 2000) or a partial-rupture of the Cascadia margin. That paleotsunami is currently identified as an orphan paleotsunami for the central Cascadia Margin due to its lack of corresponding wetland subsidence in southern Washington and northern Oregon (Schlichting and Peterson 2006) . In addition to these paleotsunami, one historic tsunami, from the Mw 9.2 Gulf of Alaska rupture (1964) did inundate the lowermost reaches of tidal basins in the central Cascadia margin (Lander et al. 1993; Fiedorowicz 1997) .
Paleotsunami events in the central Cascadia margin are differentiated from storm surge on the basis of correspondence with regional tectonic forcing (Clague and Brobowsky 1994; Atwater et al. 1995; Peters et al. 2003 ) and very low potential for substantial storm surge. Cold marine water and a deep shelf preclude substantial storm surge along this highwave-energy coast. Maximum recorded storm surge in Oregon is about 1.5 m above predicted tide level (MHHW is 1.5 m above mean tide level) (Pittock et al. 1982) . The composition and sedimentary structures of back-barrier surge deposits might not discriminate between tsunami and storm-surge inundation. Tsunami and storm-surge flooding can share similar mechanisms of foredune breaching and high-velocity inundation. We use the scale of inundation and the radiocarbon dating of catastrophic marine surge events to establish tsunami origins from known megathrust ruptures in the central Cascadia margin (Table 1) . Alternative means of discrimination are warranted in other settings with greater potential for substantial storm surge, and/or less well constrained chronology of coseismic megathrust rupture.
Paleotsunami Barrier Overtopping
Reconnaissance evidence of barrier or dune-ridge overtopping by paleotsunami has been reported for several central Cascadia localities in Washington and northern Oregon (Schlichting 2000; Peterson et al. 2006) . Ideal conditions that are needed to establish paleotsunami overtopping heights include (1) a narrow, stable barrier or ridge of uniform height, (2) abundant littoral sand seaward of the barrier, (3) vertically accreting wetlands located landward of the barrier to preserve tsunami sand FIG. 1.-Cannon Beach study area in the central Cascadia margin. Coordinates are given in latitude/longitude (degrees) and UTM. Cannon Beach is located about 120 km from the Cascadia trench (dashed line) and is expected to experience the leading tsunami wave about 20 minutes after the onset of nearfield megathrust rupture. Nearby localities previously studied for paleotsunami, back-barrier inundation include Longbeach, Washington, Seaside, Oregon, and Rockaway, Oregon (Fiedorowicz and Peterson 2002; Schlichting and Peterson 2006) . deposits, and (4) key stratigraphic horizons in the wetlands to correlate the tsunami overtopping events. The broad sandy beach, narrow barrier ridge, and back-barrier wetlands at Cannon Beach appeared to meet the necessary conditions to record paleotsunami overtopping (Fig. 3) . In addition, a broad flood plain of the Ecola Creek valley extends 1-2 km landward from the back-barrier wetlands. The back-barrier wetlands range from 1.5 to 3.5 m NGVD88. The modern surface of the upland flood plain currently ranges from 3.5 to 10 m NGVD88.
Preliminary coring of the back-barrier wetlands at Cannon Beach in the 1990s (Gallaway et al. 1992) established the presence of anomalous sand layers hosted in peaty mud. The anomalous sand layers were interpreted to record paleotsunami inundation. However, the stratigraphic relations of target paleotsunami layers were found to be complicated. The complications arise from some missing layers, layers not associated with local coseismic subsidence, and disturbance by coseismic fluidization. Additional paleotsunami coring and ground-penetrating-radar (GPR) profiling were performed at Cannon Beach (summer 2006) to resolve these stratigraphic complications. Additional coring (2006) was also performed in the Ecola Creek flood plain (Fig. 3) to extend the record of potential paleotsunami inundation beyond the back-barrier wetlands (Cruikshank and Peterson 2007) .
Defining Criteria for Marine Surge Deposits in Back-Barrier Settings
It is necessary to discriminate marine surge deposits from other mechanisms of anomalous sand deposition in back-barrier wetlands. Such non-marine-surge mechanisms include artificial fill, coseismic fluidization, eolian sand transport, and river flooding. The criteria used to establish marine surge origin in the Cascadia Margin are based on target layer lithostratigraphy and marine tracers. Lithostratigraphic criteria for marine-surge sand layers hosted in back-barrier mud or peat include (1) sand or larger-clast grain-size, (2) lateral continuity, (3) landward thinning, and (4) upward-fining and/or capping debris layer (Fiedorowicz 1997; Schlichting 2000) . Marine tracers include beach sand composition (Peterson and Darienzo 1997) , marine diatoms (Hutchinson et al. 1997) , and bromine (Schlichting and Peterson 2006) , among others.
Geologic Setting of Cannon Beach
The ancestral Ecola Creek valley has been drill-cored to 20-30 m depth for bridge foundation studies near the present mouth of Ecola Creek (Fig. 4) (Oregon Department of Transportation 1995) . Bedrock was encountered at 220 to 227 m NGVD88. The NGVD88 datum corresponds, approximately, to mean lower low water (MLLW) in the study area. Unconsolidated sand and mud deposits above bedrock reflect submergence and filling of the incised Ecola Creek valley during the middle to late Holocene transgression. Preliminary radiocarbon dating was performed on shallow, peaty mud deposits from the Ecola Creek wetlands, e.g., 3040 6 80 conventional yr BP at 2.75 m at site 115 (Gallaway et al. 1992) . Net sedimentation rate in the freshwater wetlands behind the barrier spit is controlled by relative sea-level rise, through a corresponding rise in groundwater level (Woxell 1998 ). Net relative sealevel rise in the study region is , 1.0 m per thousand years (Darienzo et al. 1994; Baker 2002) .
The emplacement age of the present barrier spits on the north and south sides of Ecola Creek have not been established. Small parabolic dunes have accreted on top of the northern spit, reaching current FIG. 5.-Map of reconnaissance core sites showing the number of anomalous sand layers in shallow core sections reaching at least two meters in depth but not more than four meters in depth in the Cannon Beach wetlands. The greatest numbers of anomalous sand layers (5-6 layers) occur in proximal wetlands across from the Ecola Creek mouth and the south barrier ridge. The number of preserved layers decreases (2-3 layers) in sites located 500-1000 m in landward distance from the south barrier ridge. Coseismic liquefaction disturbs pre-existing paleotsunami sand layers (discussed in later sections of paper). Severe-liquefaction sites containing abundant clastic dikes and sills are identified by (lq) symbols.
elevations of 10-15 m. The southern barrier ridge has a current elevation of 6 m NGVD88. The diked wetlands behind the protective barriers range from 1.5 to 3.5 m. The wetlands in the 2.5-3.5 m elevation range are supratidal, e.g., freshwater vegetation. Such supratidal wetlands are expected to record submergence and burial from only the larger events of coseismic subsidence, e.g., , 1 m subsidence in the study region (Peterson et al. 2000) .
FIELD METHODS
Reconnaissance Coring
Reconnaissance coring of target sand layers in back-barrier wetlands in the Cannon Beach locality was performed (1992 and 1996) with a gouge auger (2.5 cm diameter) (Fig. 4) . Coring was conducted to depths of 2-6 m, depending on depth of hosting peat or rooted mud. Ram coring (7.5 cm diameter) was used to examine sedimentary structures via radiography of core slabs (1 cm thick), and to recover radiocarbon samples. Vibracoring (7.5 cm diameter) was used in sites that contained the thickest (30-50 cm thick) target sand layers, which refused ram core penetration.
Seventy-three cores were collected in shore-parallel transects within the back-barrier wetlands (1 km 2 surface area) that are adjacent to the barrier ridges. Core sections were logged with respect to apparent lithologies of peat, mud, and sand. Selected paleotsunami target horizons were subsampled for grain size and sand-source mineralogical analyses. Core site position was established from an orthorectified, airphoto mosaic, 1:2,400 scale. Soil profiles at seven sites in the barrier sand ridge were recovered (1996) with an Australian Doormer sand auger (7 cm diameter) to depths of 1-3 m subsurface (Fig. 4) .
Paleotsunami Stratigraphic Correlation
About 30 core sites were reoccupied (2006) to establish stratigraphic correlation of target paleotsunami layers in the Cannon Beach backbarrier wetlands. Typically three or more cores were collected in a 10 m 2 surface area at each site to test for small-scale continuity of target sand layers. Core sections were logged to the nearest 1 cm depth interval for lithology, liquefaction features, and apparent subsidence contacts (Cruikshank and Peterson 2007) .
Positions of the reoccupied core sites are established with 12-channel WAS enabled GPS (6 2-5 m error). Core-site elevation is taken from a 1:1,200 scale photogrammetric DEM, yielding marsh elevation resolution of 6 0.3 m NGVD88. Digital records of the paleotsunami horizons, core logs, high-resolution photographs, and site coordinates are archived in an electronically published database (Cruikshank and Peterson 2007 ). An additional 33 sites in the Ecola Creek flood plain ( Fig. 2) were examined by gouge coring for anomalous, sandy layers that are hosted in shallow mud intervals (1-2 m thick). Core site positions and elevations in the Ecola Creek flood plain are established by total station surveying (6 0.1 m NGVD88) (Cruikshank and Peterson 2007) .
Ground Penetrating Radar
A PulseEkko 100A system with 100 MHz antennae and 900 V transmitter was used for profiling the southern barrier sand ridge. The profiling was conducted with one-meter step intervals and digital stacking of 64 pulses per trace. Return signal penetration reached 6-8 m subsurface depth, as based on a signal velocity of 0.09 m ns 21 in the barrier sand . A PulseEkko 1000A model with 225 MHz antennae was used to image paleotsunami target horizons, tsunami scour, and coseismic fluidization features in the back-barrier wetlands.
Step spacing of 0.05 m and high-mode digital stacking were used in the back-barrier wetland profiles. Signal penetration in the wetlands reached depths of 1.5-2.0 m, based on a velocity of 0.07 m ns 21 in the peaty mud. GPR profiles were plotted in wiggle trace format using adjusted gain control (AGC) to enhance reflections from greater depths (Jol and Bristow 2003) .
RESULTS
Reconnaissance Survey
Sixty-three shallow core sites from the back-barrier wetlands of Cannon Beach contain anomalous sand layers, e.g., target paleotsunami deposits, hosted in peat and mud (Fig. 5) . We define paleotsunami sand layers (TSL) as sand-dominated layers of at least 0.25 cm in thickness. Thin sand laminae of less than 0.25 mm thickness, or layers of disseminated sand grains in detrital organics or mud, are defined as paleotsunami debris layers (TDL). Such organic-rich debris layers from waning catastrophic surges consist of rare disseminated sand grains, silt, and detrital organic fragments. The disseminated sand grains are floated into position by rafting with the detrital organics. Such TDL are commonly identified with or without underlying sand laminae in distal tsunami deposits from the Cascadia back-barrier wetlands (Fiedorowitch 1997; Schlichting 2000) .
The largest TSL, e.g., sand layers greater than 20 cm thick, that are located near the Ecola Creek mouth and the south barrier ridge, are characterized by plane-bedded sand (Figs. 6, 7A). Some sand layers from these proximal sites contain rare pebbles. The plane-bedded sedimentary structures and entrained pebble-5 cm thick, in the back-barrier wetlands are typically associated with overlying layers of detrital organics and mud. Some sand layers contain alternating layers of sand and finegrained organic debris (Fig. 7B) . The sand and organic-debris couplets suggest episodes of surge followed by suspension deposition out of waning flow.
The number of TSL in shallow, sections of the Ecola Creek wetlands (2-4 m total depth), range from one to six in number (Figs. 5, 6) . Core sites B8 and B10 with six sand layers each reflect a locally stable, proximal wetland near the Ecola Creek mouth. Landward of the south barrier ridge (sites 203, A3, A8, 206) the target layers reach 4-5 in maximum number. Whereas channel migration might have reduced layer preservation near Ecola Creek, the wide variability in preserved layers (1-5 layers in number) behind the barrier ridge is unexpected. With increasing distance (200-700 m) away from the proximal wetlands the number of preserved paleotsunami layers decreases to 2-3 layers per core site. Maximum TSL thickness within the upper two meters of each core site is plotted for the 63 reconnaissance sites in the back-barrier wetlands (Fig. 8) . For the reconnaissance site analysis we do not discriminate between different sand layer horizons. However, where 3-4 target layers are preserved, the thickest TSL are usually found in the second, third, or fourth layers downcore (Fig. 6) . TSL thickness reaches maximum values (30-40 cm) near the Ecola Creek mouth (sites B2, B3) and immediately landward of the south barrier ridge (sites 203, 207, 209, 210) . Some of the thickest TSL are disturbed by post depositional coseismic liquefaction (Fig. 9) ; see further discussion of TSL liquefaction in later sections of this paper.
TSL thickness decreases by at least a factor of two from 500 to 1000 m distance landward from the south barrier ridge. Both the decrease in sand-layer number and decrease of maximum layer thickness with increasing distance landward imply sand layer origins from marine-surge mechanisms.
Paleotsunami Sand Layer Composition
Representative sand layers from the reconnaissance core sites and endmember beach and river samples were analyzed for sand grain size and source. Dried organics were floated and decanted prior to wet sieving at 0.062 mm to separate the sand and silt/clay fractions. The target sand layers are composed of fine sand (0.16-0.20 mm diameter) that is moderately sorted or well-sorted (Table 2) .
The fine-sand-size fraction was separated in Na-polytungstate (2.99 g cm 23 ) to isolate augite, a clinopyroxene mineral. Augite is well suited to analysis of littoral versus river sand source in the study region on the basis of relative grain rounding, e.g., beach grains are rounded and river grains are angular (Peterson and Darienzo 1997) . The analyzed TSL range from 60 to 100 percent beach sand source based on 100 augite-grain-roundness counts per sample (Table 2; Fig. 10A ).
Both the sand-grain-size distribution and the augite mineral rounding confirm littoral sand supply for the TSL in the back-barrier wetlands. To address the potential runup of paleotsunami surges that extended beyond the back-barrier wetlands additional target layers from the Ecola Creek   FIG. 9. -Examples of liquefaction features associated with event layers #2 and #3 in core site C02 and layer # 4 in core site 04 from Cannon Beach. Very small clastic dikes and sills extend from the paleotsunami sand layers. See Figure 10A for locations of C02 and C04. floodplain (Fig. 2) were evaluated for rounded augite grains (Cruikshank and Peterson 2007) . In this paper we identify the target layers that demonstrated at least twice the river (background) abundance of rounded augite, corresponding to at least 12 percent beach-sand component (Table 2 ; Fig. 10B ). Those target layers with greater than 12 percent beach-sand component are confirmed as paleotsunami sand layers (numbered TSL) in the Ecola Creek floodplain.
A shore-normal transect, including core sites 206, 12, 04, C43B, C33, C58, C68, and C72 shows decreasing beach sand composition in analyzed TSL from 100 percent in the most proximal sites to 12 percent in the most distal site C72 ( Table 2 ). The catastrophic marine-surges incorporated substantial river-sand component during inundation of the Ecola Creek flood plain.
Paleotsunami Event Dating
Four representative core sites were selected for radiocarbon dating of apparent subsidence events and/or associated marine surge deposits (Fig. 6 ). Bulk organics within or immediately below the target sand layers were used for radiocarbon dating of the reconnaissance core sites in 1992. The core sites are from the wetlands upstream from the Ecola Creek mouth (site 115/B9) and the wetlands immediately landward of the south barrier ridge (sites 112, CANN-1 and 206) (Fig. 4) .
A total of six apparent subsidence events are recorded within the upper 2.75 m of core site 115, which has a basal date of 3,080-3,360 Cal yr BP. Subsidence in freshwater marshes is established from upcore decrease in peat content (Peterson et al. 2000) . Together with additional dated horizons at 51-55 cm depth (320-500 Cal yr BP), 85-90 cm depth (1,140-1,280 Cal yr BP), and 185-200 cm depth (2,720-2,850 Cal yr BP) the six apparent subsidence events in the Ecola Creek wetlands are consistent with reported ruptures of the central Cascadia margin (Atwater et al. 2004) (Table 1) . Marine-surge deposits are associated with the three most recent subsidence events in site 115/B9. A marine-surge deposit at 75-78 cm depth is not associated with a subsidence event, so it is identified here as an ''orphan'' marine-surge event for the central Cascadia Margin. Subsidence evidence in the supratidal marshes of Cannon Beach is weakly-developed or non-existent in most core sites. We do not use subsidence evidence to identify catastrophic marine-surge layers in the back-barrier wetlands. However, subsidence evidence, where present, does provide a criterion for stratigraphic correlation between adjacent core sites (see Stratigraphic Correlation below).
Four or five marine-surge deposits are recorded in core sites CANN-1, 112 and 206 behind the south barrier ridge. The shallowest horizon (event #1) consists only of disseminated beach sand in detrital organics. That tsunami debris layer is associated with apparent subsidence contacts in cores 112 and 206. The debris layer yielded a date of 0-270 cal yr BP from core site 112 (Table 3) , and is thought to represent the last Cascadia tsunami at 1700 AD (Satake et al. 1996; Atwater et al. 2005) (Table 1) . The lower surge deposits from all three core sites are identified by sand layers. The two upper sand layers (events #2 and #3) are shallow and closely spaced. The shallowest sand layer (event #2) is not associated with an apparent subsidence event in the Ecola Creek wetlands. Radiocarbon Anomalous sand layers are numbered (#1,2,3) downwards from core top, except for C26, C40, C33, C58, C68, C72 target layer (#4) between 100 and 200 cm depth. Textural analysis includes weight percent coarse organics, sand (2-0.062 mm), and silt/clay or mud (, 0.062 mm). Grain size of the sand fraction includes arithmetic mean (Sand Size) and mean normalized standard deviation (StdDev/Mean), based on 100 grain counts. Sand source is based on normalized ratio of rounded to angular augite grains (beach 5 90% rounded augite, river 5 90% angular augite), based on 100 grain counts per sample.
dates from the event #2 layer yield ages of 740-910 cal yr BP in core 206, and 910-1080 cal yr BP in core 112. This sand layer is thought to represent the ''orphan'' paleotsunami of 800-900 yr BP, which is widely recognized from Vancouver Island (Clague and Brobowsky 1994) to Washington and Oregon (Schlichting and Peterson 2006) .
The second sand layer (event #3), found in sites behind the south barrier ridge, yielded a date of 930-1050 cal yr BP in core 206 and 1060-1240 cal yr BP in CANN-1 (Table 3) . There is weak evidence of possible subsidence associated with this sand layer in cores 112 and 206 (Fig. 6) . The radiocarbon dates are consistent with an origin from the second oldest Cascadia earthquake and paleotsunami at 1.1 ka ( Table 1) . The third sand layer (event #4) occurs at depths of about one meter in cores 203, 112/CANN-1 and 206. This sand layer is not associated with an apparent subsidence horizon in sites behind the south barrier ridge. However, a deeper subsidence horizon, about 50-75 cm below event layer #4, occurs in cores 112/CANN-1 and 206.
Subsidence records are not present in the upland floodplain deposits of Ecola Creek valley, and the youngest TDL horizons, e.g., inundation events #1-3, pinch out landward of the back-barrier wetlands. However, the more robust event #4 TSL is traced landward across the back-barrier wetlands to the Ecola Creek flood plain (Fig. 10B) . The widely distributed sandy layer at 100-200 cm depth in the flood-plain mud sections was dated at site C62 (135 cm depth), yielding a date of 1276-1411 2-sigma cal yr BP (Table 3) . We identify event #4 as a Cascadia nearfield tsunami from the megathrust rupture at 1.3 ka (Table 1) .
FIG. 10.-A)
Map of stratigraphically correlated paleotsunami sites. A total of 31 representative core sites were reoccupied in 2006 to establish stratigraphic correlation of the last four paleotsunami event layers #1-4 in the backbarrier wetlands of Cannon Beach. Sites with thick or missing paleotsunami layers in the most proximal wetlands adjacent to the barrier ridge were generally avoided for the stratigraphic correlation analysis. B) Map of Ecola Creek flood-plain sites with a single sand layer or sandy debris layer hosted in mud between 100 and 200 cm depth. Site C48 is an exception with a single sandy debris layer at 75 cm depth. The anomalous target layers have been photographed and sampled for mineralogy, and radiocarbon dating (Cruikshank and Peterson 2007) . Target layers from sites C40, C33, C58, C68, C48, C46, and C72 have more than 10 percent rounded augite, indicating a beach sand component. They establish a marine-surge origin, with recharging of the fine sand fraction from fluvial deposits with increasing distance upvalley ( Table 2 ). The target layer from site C62 is dated at 1276-1411 Cal yr BP (Table 3) tying the marine-surge event to paleotsunami event #4 in the central Cascadia margin (Table 1) .
Coseismic Liquefaction
During the reconnaissance coring effort in Cannon Beach some paleotsunami sand layers were observed to display small clastic dikes, intruded sand contacts, and anomalous thickening or thinning of target sand layers over several meters distance (Fig. 9) . Similar fluidization features have been reported from nearby paleotsunami localities, e.g., Seaside, Oregon (Fiedorowicz 1997) , Rockaway, Oregon, and Long Beach, Washington (Schlichting 2000) (Fig. 1) . The fluidization features are attributed to coseismic liquefaction of the paleotsunami sand layers and/or underlying sand deposits from successive great earthquakes. Such fluidization is not associated with 1700 AD paleotsunami, which was produced by last Cascadia megathrust rupture (Table 1) . Fluidization disturbance was most commonly observed in the thicker paleotsunami sand layers (Fig. 8) . Multiple cores were required to discriminate between paleotsunami and paleofluidization features in some core sites (see Methods). Some paleotsunami core sites were abandoned due to complications with severe fluidization features.
Paleotsunami Stratigraphic Correlation
Forty core sites in the back-barrier wetlands of Cannon Beach were reoccupied (2006) to perform stratigraphic correlation of the several youngest paleotsunami layers ( Fig. 10A; Table 4 ). Event correlation is based on (1) radiocarbon age, (2) number of paleotsunami layers in 0-200 cm depth (events #1-4), (3) contact with shallowest subsidence horizon where developed (10-50 cm depth) (event #1), (4) evidence of fluidization features (events #2-4), (5) two closely spaced paleotsunami sand layers (events #2-3), and (6) position above a deepest subsidence horizon where developed (event #4). Site geo-reference data, detailed core logs, and corresponding digital photographs of the paleotsunami deposits in the back-barrier sites are available in database archives (Cruikshank and Peterson 2007 Bulk radiocarbon samples include total organic fraction from 2-3 cm thick vibracore intervals. One AMS sample was dated from a 2 cm long fir cone entombed in a paleotsunami target layer from site C62.
Radiocarbon dates are from radiometric-standard analyses of peat, except C62, which is from AMS radiocarbon analysis. Adjusted (Conventional), Calibrated 1 Sigma, Calibrated 2 Sigma, and Beta Analytic laboratory number. Calibrations of bulk peat dates are from Calib 5.0.2 (Reimer et al. 2004 ). -Elevation is in meters, NGVD88. Elevations estimated from City topographic map, ground surface is assumed to be 0.5 m lower than photogrammetric DEM from marsh vegetation surface.
TDL 5 target (paleotsunami) debris layer. TSL 5 target (paleotsunami) sand layer Depth 5 interval depth in cm below surface. Some sites lacked evidence or preservation of one or more paletsunami events. Close spaced layers #2 and #3 could not be discriminated in some cores, so are shown as combined intervals. Total Depth 5 depth of core analysis for stratigraphic correlation of paleotsunami events #1-4. Core site C27 TDL#2 correlation based on associated liquefaction features in companion cores.
Thirty-one of the correlated core sites yield depth and thickness data for 95 paleotsunami deposits from the last four recorded inundation events in Cannon Beach (Table 4, Fig. 11 ). The last paleotsunami event at 1700 AD is recorded by 11 debris layers (TDL) and 7 sand layers (TSL). We consider the sand layers to be robust indicators of inundation so refer to debris layers only at sites where corresponding sand layers are not identified. The oldest paleotsunami event summarized here, event #4, is represented by 27 sand layers (TSL) in the 31 core sites. Liquefaction obscured the thickness of the event #4 layer in sites C21 and C43B. Event #4 is conspicuously missing in sites C4, C6, and C23, which are located directly behind the south barrier ridge (Fig. 11) . Paleotsunami events #2 and #3 are not distinguished in sites C23, C24, C111, C7/100 behind the south barrier ridge, or in landward sites C15 and C16. The local absence of either sand or debris layers from events #3 and/or #4 in proximal core sites could have resulted from tsunami surge erosion, as discussed in later sections of this paper.
A total of 33 back-levee marsh sites were cored in the Ecola Creek flood plain (Fig. 10B) to extend the sand-sheet inundation record of event #4 (Cruikshank and Peterson 2007) . Twenty-one sites (64 percent of total) contained a single sand layer or sandy debris layer hosted in mud between 1 and 2 m depth. As previously noted, representative target horizons contained significant amounts of rounded augite, which is a tracer of beach-sand supply (Table 2) . Unfortunately, very low production or preservation of diatoms occurs in the flood-plain deposits, e.g., total 1-5 valves in 1 gm of sediment. Such very low diatom abundances preclude their use as marine indicators, due to potential contamination from ocean spray or other non-surge sources. The use of bromine as a marine tracer (Schlichting 2000) in the upland flood-plain deposits was also precluded by very low bromine retention in the flood-plain mud, e.g., 1-2 ppm by INAA analysis.
As previously noted, the catastrophic marine-surge layer in the floodplain core sites (C40, C33, C58, C68, C48, C46, and C72) (Fig. 10B ) is correlated to a Cascadia megathrust rupture at 1.3 ka (Table 1) based on an AMS radiocarbon date of the layer from site C62 (Table 3) . No consistent target horizons could be identified in core sites located up-valley from site C72. Site 72 (Fig. 10B) represents the maximum inland distance that event #4 could be traced, as based on (1) presence of anomalous sandy horizons in the shallow mud intervals (0-200 cm depth), and (2) a significant beach-sand component in the fine-sand fraction.
Ground Penetrating Radar
Ground penetrating radar (GPR) was used to image the subsurface structure of the barrier sand ridge and of the adjoining back-barrier wetlands for evidence of tsunami scour. Two GPR systems with different antennae frequency were used for this study (see Methods). The deeperpenetrating radar system (PulseEkko 100A) was used to complete one shore-perpendicular profile (2 nd St) and two shore-parallel profiles (Larch St and Spruce St) (Fig. 12) .
No coseismic retreat scarps or progradational sequences are observed in the 2 nd St shore-normal profile A-A9, thereby differing from progradational beaches in southwest Washington . Figure 10A . Sequence criteria used to correlate paleotsunami layers include (1) number of target layers from 0 to 2 m depth, (2) apparent subsidence below event #1, (3) liquefaction prior to event #1, closely coupled layers (#2 and 3), and apparent subsidence below event #4. Core-site elevations are provided in Table 4 . Radiocarbon dates from key paleotsunami core sites are provided in Table 3 . Detailed core logs and digital photographs of all paleotsunami layers are presented in Cruikshank and Peterson (2007) .
The barrier ridge either accreted vertically in-place or has retreated landward in recent time. Landward-dipping reflectors at the west end of the GPR profile indicate that the barrier strata and surface previously sloped slightly upwards to the west (Fig. 12) . Net beach retreat might have removed some of the higher-barrier deposits. However, several landward-dipping erosion scarps in the upper 2-4 m section of the A-A9 profile indicate reworking of the barrier ridge by other processes (see below). Seven auger profiles (1-3 m depth) from the top of the barrier ridge (Fig. 4) confirm GPR interpretations of reactivated dune and/or overwash sand deposits adjacent to the GPR profiles (Cruikshank and Peterson 2007) .
Shore-parallel GPR profiles from Larch St (B-B9) and Spruce St (C-C9) show cut and fill structures (1-2 m deep) in the upper 5-6 meters of the barrier ridge deposits (Fig. 12) . The cut and fill features are 100-300 m in shore-parallel length. These features are too small to represent lateral migration of the Ecola Creek channel. The cut and fill structures in the Spruce St profile at the base of the barrier ridge are below the present groundwater surface. Their positions at the landward edge of the barrier ridge argue against origins from eolian deflation or minor storm-surge overwash. However, major events of marine surge overtopping, such as by paleotsunami, could cause such scour features. The apparent episodic scouring was followed by reactivated eolian or minor overwash deposition that backfilled the cuts.
To test the lateral extent of possible scour by paleotsunami overtopping of the south barrier ridge a shore-perpendicular GPR profile (D-D9) was taken across the Spruce St marsh (Fig. 13) . Flat-lying reflectors are recorded along the GPR profile from 0 m to the 60 m position. Inclined reflectors dip seaward from the 62 m position to the end of the profile at the 72 m position. This reflector anomaly represents cut and fill of the wetland deposits that are most proximal to the barrier ridge.
Four paleotsunami layers are recorded at the landward end of the marsh profile (core site 03). The recorded layers decrease to two in number in the scour zone at the seaward end of the profile (Fig. 13) . Local scour might have occurred during both the #2 and # 3 paleotsunami events. Wider-spread scour in the back-barrier wetlands from the #4 event might account for a general lack of older paleotsunami layers directly behind the barrier ridge. The measured scour depth from event(s) #2 and/or #3 in the Spruce St profile is at least 1.5 m in 
DISCUSSION
Paleotsunami Inundation
Based on scale of inundation and radiocarbon ages, the marine surge layers in the back-barrier wetlands of Cannon Beach are confirmed as Cascadia paleotsunami deposits (Tables 1, 2 , and 3; Fig. 10A, B) . For the purposes of this discussion we only address the last four paleotsunami (events #1-4, 1700 AD to , 1.3 ka), which are stratigraphically correlated in the back-barrier wetlands (Fig. 11) .
Spatial trends in the event layer types, including paleotsunami sand layers (TSL) and paleotsunami debris layers (TDL), are shown for paleotsunami events #1-4 in Figure 14 . Sand-layer thickness from Table 4 is also shown for each of the recorded paleotsunami sand layers.
Sand-sheet deposition (TSL) reached landward distances of 500 m for event #1, 900 m for event #2, 800 m for event #3, and 1,500 m for event #4. Tsunami debris layers (TDL) reached at least 900 m for event #1, greater than 1,200 m for both events #2 and #3, and about 2,000 m for event #4. Sand layer thickness for event #4 averages about twice the thickness of sand layers in corresponding core sites from events #2 and #3. However, all four sand sheets are characterized by substantial, local variability of sand thickness.
Paleotsunami Overtopping
The flow patterns of the paleotsunami events are derived from the spatial distribution of TSL, as indicators of stronger flow, and TDL (without sand layers), as indicators of weaker flow (Fig. 14) . Paleotsunami event #1 entered the back-barrier wetlands via the Ecola Creek channel, inundating supratidal wetlands at 2-4 m elevation NGVD88. Paleotsunami events #2, #3, and #4 overtopped the south barrier-ridge, as well as inundating the Ecola Creek mouth area. We assume that a water-column depth of at least 1.0 m above the existing barrier-ridge elevation of 6 m elevation NGVD88 was needed for the high-velocity inundation of the back-barrier wetlands. Furthermore, the older paleotsunami events #2-4 (, 0.8-1.3 ka in age) occurred during lower paleo sea levels of , 1 m below present sea level (Fig. 6; Baker 2002) . Therefore events #2, 3, and 4 are estimated to have had minimum sustained runups of 8 m relative to MLLW at 1 ka.
Comparisons of Rupture and Paleotsunami Runup
The last 1,500 years of paleotsunami inundation records in the Cannon Beach wetlands provide unexpected relations between rupture type, inundation distance, and runup height (Table 5 ). For example the most robust inundation record, event #4 with 1,500 m sand-sheet width, is associated with the least amount of coseismic subsidence (Table 1) . The farfield or orphan tsunami, event #2, is second only to event #4 in its sand-sheet inundation distance of 900 m. By comparison, the Mw 9 nearfield Cascadia event #1, with regional subsidence greater than 1 m, yielded a sand-sheet inundation of only 500 m. The narrow width of the 1700 AD sand sheet conforms to small sand-sheet extents for this event (300-500 m width) in other back-barrier settings in Long Beach, Washington, and in Rockaway, Oregon ( Fig. 1 ; Peterson and Schlichting 2006) . However, the 1700 AD TDL is locally more extensive, possibly rivaling the events #2 and #3 TDL inundation distances.
The estimated minimum runup heights of the last four paleotsunami do not directly correspond to reported rupture type, interseismic interval, or magnitude for the several paleotsunami events in the study region (Table 5) . Specifically, the last great Cascadia earthquake , Mw 9.0 at 1700 AD (Satake et al. 1996; Atwater et al. 2005 ) is thought to have yielded onshore runup heights of 8-10 m in the region, based on (1) modeling of full rupture (Mw 9) dislocation (Walsh et al. 2000) , (2) inverse modeling of tsunami runup (, 2 m above tide level) in Japan (Satake et al. 2003) , and 3) a long interseismic interval of 800 years before the 1700 AD event (Tsunami Pilot Study Working Group 2006) . The estimated runup height for paleotsunami event #1 in Cannon Beach, e.g., not more than the 6 m barrier-ridge height (Fig. 15) is substantially less than the modeled runup height expected for a design nearfield earthquake with a predicted magnitude of Mw 9 and an interseismic interval of greater than 500 years.
The ''farfield'' or ''partial Cascadia rupture'' paleotsunami event #2 at 0.8-0.9 ka has a minimum runup height of 8 m estimated from overtopping. The event #3 paleotsunami also cleared the 8 m overtopping threshold, and yet its preceding interseismic interval was only 200 years (Table 5) . Event #4, with the smallest associated nearfield subsidence (less than 1 m) produced a runup that probably substantially exceeds the 8 m minimum runup height. At an inland distance of 2.1 km the event #4 TSL (site C72; Fig. 15 ) occurs at 6.5 m NGVD88, corresponding to a paleosea-level height of about + 7 m at 1.3 ka.
The minimum runup heights of 8 m for three of the last four paleotsunami pose substantial hazard to central Cascadia coastal cities with back-barrier elevations of 4-7 m NGVD88. The relatively short interseismic interval of only 200 years between two of the largest runup events (#4 and #3) provides little consolation when compared to the interseismic interval since the last Cascadia rupture at 300 years ago.
CONCLUSIONS
The back-barrier wetlands of Cannon Beach, Oregon, yield evidence of minimum runup heights for the last four recorded paleotsunami in the Central Cascadia margin. The four events of paleotsunami inundation left records of tsunami sand layers (TSL) and/or tsunami debris layers (TDL). The paleotsunami layers demonstrate (1) generally landward-thinning deposits, (2) beach sand mineralogy, and (3) association with dated coseismic subsidence events and/or reported paleotsunami in the region between 0.3 and 1.3 ka. The most recent recorded paleotsunami event #1, correlated to 1700 AD subsidence, did not overtop a stable barrier ridge at , 6 m elevation NGVD88 or MLLW in Cannon Beach. By comparison, the three previous paleotsunami did overtop the barrier, causing local scour and widespread deposition of sand 1-2 km landward of the barrier beachfront. Assuming a 1 m water-column height and a 1 m lower sea level at 1 ka, the three overtopping paleotsunami (events #2, #3, and #4) are estimated to have had minimum runup heights of 8 m relative to mean lower low water. Runup heights are relative to MLLW at the time of inundation. Corresponding runup heights at present would be relative to NGVD88. Debris and sand inundation distances in meters, are with respect to landward distance from the present beach line. Sand inundation for event #4 is given as 1,500 m, which is the distance of continuous sand sheet distribution. Sand recharge from floodplain sources locally extends the event #4 sand inundation distance.
